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therapeutically effective CD8 T cells. We also discuss some 
of the remaining challenges to translate these findings into 
the clinical setting.
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Abstract  The design of efficacious and cost-effective 
therapeutic vaccines against cancer remains both a research 
priority and a challenge. For more than a decade, our labo-
ratory has been involved in the development of synthetic 
peptide-based anti-cancer therapeutic vaccines. We first 
dedicated our efforts in the identification and validation 
of peptide epitopes for both CD8 and CD4 T cells from 
tumor-associated antigens (TAAs). Because of suboptimal 
immune responses and lack of therapeutic benefit of pep-
tide vaccines containing these epitopes, we have focused 
our recent efforts in optimizing peptide vaccinations in 
mouse tumor models using numerous TAA epitopes. In 
this focused research review, we describe how after tak-
ing lessons from the immune system’s way of dealing with 
acute viral infections, we have designed peptide vaccina-
tion strategies capable of generating very high numbers of 
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Introduction

Although the main function of the immune system is to 
offer protection against infections, it also is capable of 
recognizing and responding to alterations resulting from 
malignant cell transformation. In both instances, the cells 
that become infected or transformed express antigens in 
the form of peptide/MHC-I complexes that can be recog-
nized by CD8 T lymphocytes. Various studies reported that 
immunization of mice with synthetic peptides representing 
viral CD8 T cell epitopes induces immune responses that 
protect against infections [1–3]. This observation together 
with the identification of peptide epitopes derived from 
tumor-associated antigens (TAAs) has led to the develop-
ment of peptide-based vaccines to treat various cancer 
types. However, although these vaccines induced some 
level of measurable T cell responses and occasional anti-
tumor effects in murine models, their efficacy in the clinic 
has predominantly been disappointing [4]. We believe that 
this discouraging outcome is primarily due to the genera-
tion of low numbers of tumor-reactive T cells that cannot 
eradicate or control established tumors. In this review, we 
describe our experimental approach to design more potent 
peptide-based vaccines capable of inducing vast num-
bers of antigen-specific CD8 T cells exhibiting anti-tumor 
effects. This strategy is based on understanding how the 
immune system reacts quickly and strongly during acute 
viral infections, generating remarkable quantities of T cells 
that successfully eliminate the pathogen and offer long-
term protection (memory) against reinfection.

Identification of CD8 T cell epitopes for peptide 
vaccine development

The definition of peptide-binding motifs to many of the 
common human and mouse MHC-I alleles facilitated the 
prediction of potential CD8 T cell epitopes from TAAs 
[5, 6]. Subsequently, we utilized synthetic peptides cor-
responding to the predicted epitopes to generate in  vitro 
CD8 T cells that were tested for their ability to recognize 
tumor cells expressing the corresponding TAA and restrict-
ing MHC-I molecule [7–9]. Similarly, many groups have 
described various tumor-related CD8 T cell epitopes, and 
the list keeps growing every year [5, 10]. With this infor-
mation on hand, clinical studies have been conducted in 
cancer patients that were vaccinated with recombinant 
TAAs, plasmid DNA encoding these antigens or synthetic 
peptides representing the identified CD8 T cell epitopes. 
Such vaccines have been administered either alone or in 
combination with various immune adjuvants [11–15], 
which were obviously suboptimal for generating substan-
tive immune responses capable of curtailing the established 

malignancies. While in some instances T cell responses to 
the immunizing antigens were detected, in reality the fre-
quency of TAA-specific CD8 T cells observed in blood, 
accounting for <1 % of the overall CD8 T cell population, 
was not very impressive. Moreover, it is also uncertain 
whether the vaccine-generated T cells exhibited the level 
of quality (i.e. had sufficient avidity and specificity) neces-
sary to recognize and kill tumor cells [16]. In view of these 
outcomes, it is not surprising that “homeruns” (dramatic 
anti-tumor effects such as tumor eradications or long-term 
survival) have not yet been reported with the use of con-
ventional anti-tumor vaccines. On the other hand, research-
ers working in the field adoptive T cell therapy (ACT) have 
observed many homeruns, where a substantial number of 
cancer patients experienced objective responses and some 
complete tumor regressions [17]. This approach initially 
was based on the isolation of the tumor-infiltrating lympho-
cytes, ex vivo expansion of tumor-specific cells to a large 
number and subsequently re-infusing these cells back into 
the patients alongside the administration of high doses of 
IL-2 to support their survival. Later, combination of ACT 
with host lymphodepletion (by using chemotherapy or 
whole-body irradiation) led to further improvement in the 
clonal repopulation of transferred cells by depleting T cells 
(including regulatory T cells), which presumably com-
pete for cytokines [18]. Nevertheless, it is clear that ACT, 
even if it is effective in many patients, at this time is not 
very practical since it remains technically challenging, 
is not cost effective, and cannot be applied to those can-
cer patients where tumor-infiltrating lymphocytes are not 
readily available. In addition, procedures to allow in vivo 
T cell expansions of the transferred T cells (lymphodeple-
tion, high-dose IL-2) generate severe undesirable effects. 
Despite these challenges, ACT provides a proof of concept 
that tumor eradication/control can be achieved in circum-
stances where huge numbers of tumor-reactive T cells are 
generated in the cancer patients. Evidently, this is some-
thing that therapeutic anti-cancer vaccines have so far 
failed to accomplish.

Lessons from acute systemic infections

Unlike the weak immune responses to TAAs (observed dur-
ing the course of the disease or resulting from vaccination 
studies), the immune system has the capacity to generate 
huge responses against infectious agents, where in some 
instances frequencies of 10–30 % of all CD8 T cells are spe-
cific against the pathogen, limiting the spread of the infec-
tious agent and leading to the elimination of the invading 
microorganism [19, 20]. The generation of the large CD8 
T cell responses against infectious agents involves highly 
controlled interactions between members of the innate and 
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the adaptive immune systems. The innate immune sys-
tem can recognize pathogen-associated molecular patterns 
through their stimulation of pattern recognition receptors 
(PRRs) providing the first line of defense against the infec-
tious agent [21]. Some of the key PRRs for the initiation 
of innate immune responses are members of the toll-like 
receptor (TLR) family, which are widely expressed on pro-
fessional antigen-presenting cells (APCs) such as dendritic 
cells (DCs) [22]. TLR activation leads to APC activation, 
the production of cytokines (IL-2, IL-12, interferon), and 
the upregulation of surface MHC-I/II and costimulatory 
molecules (CD80/CD86 and CD40), which are essential 
to initiate (prime) T cell responses [23]. The interaction of 
CD40 on DCs with its ligand on CD4 T helper lympho-
cytes further increases the efficacy of these APCs to gener-
ate effector and memory CD8 T cells [24]. Thus, during a 
typical viral infection, tissue-resident DCs will pick up viral 
antigens and TLR ligands (TLR-Ls) either by becoming 
infected or through the engulfment of viral immune com-
plexes, or dead infected cells (Fig.  1). After activation by 
the TLR-Ls, the antigen-loaded DCs migrate to the draining 
lymph nodes where they prime the naïve T cells [25]. Sub-
sequently, the activated T cells migrate to the infection site 
where they encounter antigen for a second time on infected 
non-professional APCs (npAPCs) and exert their effector 
function to control the infection. The infected cells, in addi-
tion to presenting antigen to the T cells, will emit an “I am 
infected” signal enabling the T cells to survive and continue 
to proliferate to large numbers until the infection is eradi-
cated. What is this “I am infected” signal that potentially 
any cell is capable of emitting, which enables CD8 T cells 
to survive and proliferate upon antigen stimulation? Most if 
not all nucleated cells produce type-I IFN (IFN-I) as a result 
of detecting foreign genetic material through the stimulation 
of some cytoplasmic PRRs such as RNA helicases of the 
retinoic acid-inducible gene-I  (RIG-I)-like receptor family 
or the DNA sensor, stimulator of interferon genes (STING). 
Notably, IFN-I has been shown to provide costimulation in 
the form of “signal 3” (S3) to CD8 T cells, allowing them to 
survive and proliferate upon antigen stimulation [26]. At the 
infection site, the activated CD8 T cells may also encoun-
ter Ag on tissue-resident activated DCs that are capable of 
providing alternative forms of S3 such as IL-2, IL-15, and 
cell surface costimulation. It is foreseeable that during the 
course of a viral infection, some CD8 T cells reactive to 
self-non-viral-antigens could become primed by activated 
DCs that present viral and non-viral antigens, and that these 
self-reactive T cells could generate autoimmunity. However, 
in most circumstances, when activated auto-reactive T cells 
migrate out of the lymphoid tissues to the periphery and 
encounter antigen on non-infected cells, in the absence of 
the “I am infected” signal, these T cells will have limited 
effector activity and will not survive nor proliferate.

Developing effective peptide vaccines

The importance of the priming immunization

We believe that to achieve massive T cell expansions, the 
priming event is critical because it needs spawn a substan-
tial number of activated T cells that will serve as a founda-
tion for the subsequent expansion phase during the second 
encounter with antigen. Therefore, one must ensure that 
antigen reaches primarily DCs and that these APCs become 
suitably activated to stimulate naïve T cells in a way that 
they are capable of persisting and later proliferating when 
encountering antigen on npAPCs. It has been advocated 
that if naïve T cells see antigen first on npAPCs (or in non-
activated DCs), either these T cells will ignore the stimulus 
or that suboptimal T cell activation will result in apoptosis 
or anergy [27–29]. One strategy to assure that the peptide 
will only be presented by DCs is the use of vaccines made 
with “long peptides” (LPs), which require antigen process-
ing to produce the minimal MHC-I-binding peptide [30]. 
Some DC subsets are well adept to capture exogenous anti-
gens and produce peptide/MHC-I complexes in a process 
known as cross-presentation [31]. The LP strategy assumes 
that vaccines containing the minimal MHC-I-binding pep-
tide, or “short peptides” (SPs), will preferentially target the 
antigen to npAPCs. However, some of our results indicate 
that peptide size alone is not the only factor that determines 
whether a peptide will be presented effectively by DCs. For 
example, we showed that some vaccines made with SPs such 
as HPV16-E749–57, Ova257–264, and Trp2180–188 were highly 
immunogenic if administered with the right combination of 
immune adjuvants [32, 33]. Moreover, LPs containing the 
HPV16-E749–57 epitope when administered with the same 
adjuvants were substantially less immunogenic as compared 
to the SP (Fig. 2a) [34]. Close examination of the peptide’s 
composition revealed that synthetic peptides (SPs or LPs) 
exhibiting amphiphilic properties (a highly hydrophobic ter-
minal end and the remainder portion being relatively hydro-
philic) were considerably more immunogenic than hydro-
philic or hydrophobic peptides. While the SP HPV16-E749–57 
is highly amphiphilic, both of the LPs, HPV16-E745–57 and 
HPV16-E743–77, are not. When properly formulating these 
amphiphilic peptides in aqueous solutions, they will self-
assemble into nanostructures [35] resembling viral particles 
that perhaps could be appealing for DC uptake. The immu-
nogenicity of non-amphiphilic SPs such as Ova257–264 and 
Trp1455–463/9M was dramatically increased (>tenfold) by turn-
ing them into amphiphilic constructs (extending these pep-
tides with hydrophobic residues or with palmitic acid chains) 
[34] (Fig.  2b). Thus, multiple factors determining antigen 
capture and processing by DCs and the ability of adjuvants/
costimulatory antibodies to concomitantly activate DCs are 
probably more important than simply peptide size.
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Fig. 1   T cell responses during an acute viral infection. 1 At the infec-
tion site, resident DCs acquire viral antigens either by becoming 
infected or through engulfment of viral immune complexes or dead 
infected cells. DCs become activated by viral pathogen-associated 
molecular patterns (DNA, RNA) through the stimulation PRRs. 2 
After activation, antigen-presenting DCs migrate to secondary lym-
phoid tissues where they prime Ag-specific naïve T cells. 3 The Ag-

stimulated CD8 T cells migrate to infection sites where they kill 
infected npAPCs and extensively expand after second encounter with 
Ag in the presence of IFN-I, which functions as S3. 4 At the infection 
site, activated CD8 T cells can also encounter Ag on tissue-resident 
DCs that are able to provide other sources of S3 such as IL-2, IL-15, 
and cell surface costimulation (4-1BBL, OX40L) to promote T cell 
survival and expansion
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The impact of route of administration on vaccine 
efficacy

Another element that will influence the priming efficacy 
of a vaccine is related to its capacity to recruit the bulk of 

the naïve CD8 T cell precursors that circulate throughout 
the secondary lymphoid tissues in search for their respec-
tive antigens and are presumably found in very low num-
bers in non-immunized individuals. Therefore, one would 
predict that non-infectious vaccines that are administered 
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Fig. 2   Peptide vaccines eliciting vast immune responses in mice. a 
Mice were immunized intravenously with equimolar amounts of the 
SP E749–57 (RAHYNIVTF, 30  µg/dose), or the LPs E745–57 (AEP-
DRAHYNIVTF, 44  µg/dose), and E743–77 (GQAEPDRAHYNIVT‑
FCCKCDSTLRLCVQSTHVDIR, 117  µg/dose), a booster shot was 
given 7 days later, and the absolute number of tetramer positive CD8 
T cells was determined in spleens 22 days after the prime (modified 
from Cho et al. [34]). b Mice were immunized intravenously with 2 
identical doses (14 days apart) of equimolar amounts of the minimal 
(100 µg/dose) or palmitoylated (Pam, 120 µg/dose) peptides contain-
ing the Trp1455–463/9M (TAPDNLGYM) or Ova257–263 (SIINFEKL) 
epitopes, and the percentage of Ag-specific (tetramer positive) CD8 T 
cells was determined in blood 7 days after the prime and 7 days after 
the boost (modified from Cho et  al. [34]). c Mice received TriVax 
(prime and boost) containing the Trp2180–188 (SVYDFFVWL, 200 µg 
dose) CD8 T cell epitope through different routes of administration 

(iv =  intravenous; sc = subcutaneous). T cell responses were meas-
ured using purified CD8 T cells from spleens against Trp2-express-
ing B16 melanoma cells and peptide-pulsed and peptide-unpulsed 
target cells with an IFN-γ ELISPOT assay. Modified from Cho and 
Celis [33]. d Mice were immunized using BiVax containing the Pam 
peptide form of the Trp1455–463/9M epitope through different routes 
of administration (iv =  intravenous; sc = subcutaneous; im =  intra-
muscular). In these experiments, both TriVax and BiVax used poly-
ICLC (Hiltonol) at a 50-µg dose. For TriVax, anti-CD40 mAb (clone 
FGK45.5) was included at a 100- or 50-µg dose (for prime or boost, 
respectively). All vaccine components were mixed for prior immu-
nization. The presence of antigen-specific CD8 T cells in blood was 
measured by tetramer analyses 7 days after the prime and the boost 
(modified from Cho et al. [34]). In all panels, each dot represents an 
individual mouse, and horizontal bars are the mean responses for 
each group
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systemically (i.e. intravenously) would be highly immu-
nogenic since this approach would disseminate antigen 
and adjuvants throughout numerous lymphoid tissues. On 
the other hand, conventional vaccines, which have been 
routinely injected in a sequestered site (i.e. subcutaneous, 
intradermal), will mostly target its components to the local 
draining lymph nodes, reaching only a limited fraction of 
the antigen-reactive naïve T cell precursor pool. Indeed, 
our studies have shown that intravenous peptide adminis-
tration generates a substantially larger CD8 T cell response 
as compared to the conventional subcutaneous immuniza-
tions using the same peptide and adjuvants (Fig. 2c) [33]. 
Safety concerns regarding the use of the intravenous route 
of administrations can be somewhat alleviated by intramus-
cular vaccinations, which also deliver the vaccine com-
ponents systemically (Fig.  2d) [34]. In summary, 2 major 
factors will determine the extent of a primary response: (1) 
peptide and adjuvant delivery to DCs; and (2) systemic dis-
tribution of peptide and adjuvants to recruit a majority of 
the naïve T cells.

The significance of the boosting event

Our vaccination model, which attempts to mimic a sys-
temic infection, postulates that secondary antigen encoun-
ters (after adequate priming) will be decisive for generat-
ing massive CD8 T cell expansions. Thus, following this 
rationale, we predicted that secondary immunizations 
(boosts) using non-amphiphilic SPs that presumably can 
be presented by npAPCs would be effective in trigger-
ing such massive T cell expansions. However, our model 
dictates that these npAPCs must exhibit signs of having 
been infected such as producing IFN-I. Indeed, our results 
showed that boosters with non-amphiphilic SPs together 
with polyinosinic–polycytidylic acid (poly-IC) were effec-
tive in expanding T cell responses in WT mice but not in 
IFN-I-receptor-deficient (IFNαβR-KO) mice. On the other 
hand, secondary immunizations using the palmitoylated 
amphiphilic peptide (which forces presentation by profes-
sional APCs) induced the expansion of the CD8 T cells in 
an IFN-I-independent manner (Fig. 3a) [34], implying that 
DCs can provide other types of S3 in addition to IFN-I.

The role of adjuvants and APC costimulation

We have compared various TLR-Ls for their ability to func-
tion as adjuvants when administered in combination with 
synthetic peptides to induce CD8 T cell responses using 
two types of vaccines. We initiated our studies with a vac-
cine, TriVax that contained three components: a non-amphi-
philic SP (Ova257–264), an agonistic anti-CD40 mAb, and a 
TLR-L [33]. Later, with BiVax, a vaccine that required the 
use of amphiphilic peptides, we were able to omit the use 

of the anti-CD40 mAb [34]. With TriVax, we established 
that TLR2/6-L, TLR3-L, TLR4-L, TLR7-L, or TLR9-L 
was similarly effective in priming substantial CD8 T cell 
responses, generating 10–20  % antigen-specific cells of 
all CD8 T cells in blood 7  days post-vaccination. Intrigu-
ingly, these TLR-Ls had very different effects in their abil-
ity to boost the T cell responses. Boosting with poly-IC 
(TLR3-L) generated an almost unbelievably huge CD8 T 
cell response accounting >70  % antigen-specific CD8 T 
cells in blood. LPS (TLR4-L) and gardiquimod (TLR7-L) 
were also effective, but to a lesser extent, in boosting the T 
cell responses inducing 30–40  % antigen-specific T cells. 
Conversely, FSL-1 (TLR2/6-L) and CpG-ODN (TLR9-
L) downright failed to boost the response (Fig.  3b) [33]. 
Nonetheless, TriVax boosts using poly-IC were effective 
in expanding CD8 T cell responses in mice primed with 
TriVax prepared with CpG-ODN, indicating that the anti-
gen-reactive T cells generated during the CpG-ODN prime 
were not defective and that poly-IC possesses an additional 
immune-stimulatory activity necessary for T cell expansion, 
which is absent in CpG-ODN (Fig. 3c) [34]. Indeed, poly-
IC in addition to functioning as a TLR3-L has the capacity 
to stimulate cytoplasmic retinoic acid-inducible gene-I-like 
receptors such as melanosomal differentiation-associated 
protein 5 (MDA5) [36], resulting in the production of IFN-I. 
In contrast to TLR3, which is predominantly expressed by 
DCs [37], expression of MDA5 can be induced in a variety 
of tissues including non-hematopoietic stromal cells [38]. 
Similar to the results obtained with TriVax, the only TLR-L 
that was effective in inducing CD8 T cell responses using 
BiVax with amphiphilic peptides was poly-IC [34]. Thus, 
our results suggested that the unique ability of poly-IC to 
elicit huge CD8 responses after a boost relies on MDA5 
stimulation, which generates the IFN-I, providing S3 to the 
antigen-stimulated T cells. Using mice deficient of TLR3 
or MDA5, we evaluated the role of these PRRs in the CD8 
T cell responses induced by BiVax with poly-IC after the 
prime and the boost. While priming was highly dependent 
on TLR3 activation, MDA5-deficient mice responded to the 
primary immunization to the same extent as WT mice [34]. 
On the other hand, T cell responses induced by the second-
ary immunization in MDA5-deficient mice were reduced by 
50 % as compared to WT controls. Recently, we observed 
that the inclusion of a STING agonist to TriVax had a little 
effect during the priming response using an amphiphilic LP, 
but was very effective in potentiating the expansion of the 
T cells after boosting with non-amphiphilic SP, in an IFN-
I-dependent manner (Fig. 3d) [39]. Altogether these results 
provide additional support to our infectious disease vac-
cination model where the dramatic CD8 T cell expansions 
after priming probably take place when the primed, previ-
ously activated T cells meet APCs that are not necessarily 
professional APCs in circumstances where IFN-I is being 
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produced by activation of cytoplasmic PRRs such as MDA5 
or STING.

Anti‑tumor effects of TriVax and BiVax

As mentioned early on, the main purpose of designing 
potent peptide-based vaccines capable of generating vast T 

cell responses is to treat established tumors. Thus, our stud-
ies evaluated the ability of the TriVax and BiVax strategies 
to reduce/limit tumor growth in established mouse cancer 
models. Early on, we observed that TriVax using the CD8 
T cell epitope Trp2180–188 exhibited dramatic prophylactic 
and therapeutic anti-tumor effects against the transplant-
able B16 melanoma tumor, when injected intravenously to 
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Fig. 3   Role of adjuvants and IFN-I in the magnitude of immune 
responses elicited by peptide vaccines. a WT or IFNαβR-KO mice 
were primed with palmitoylated (Pam) peptide Trp1455–463/9M (120 µg 
dose) followed by a booster containing either the same Pam peptide 
or the minimal peptide (100 µg dose). The percentage of Ag-specific 
(tetramer positive) CD8 T cells was determined in the blood 7 days 
after the prime or the boost (modified from Cho et  al. [34]). b WT 
mice were immunized with 2 identical doses of TriVax prepared with 
the minimal Ova257–264 peptide using one of the following TLR-Ls: 
poly-IC (TLR3-L), CpG (TLR9-L), LPS (TLR4-L), GDQ (TLR7-L), 
and FSL1 (TLR6/2-L). The percentage of tetramer positive cells was 
determined in the blood 7 days after the prime and the boost (modi-

fied from Cho and Celis [33]). c Mice were immunized BiVax/CpG 
(prime and boost 12  days apart) and boosted one more time with 
BiVax/poly-IC on day 24. The presence of antigen-specific CD8 T 
cells in blood was evaluated by tetramer analysis on the following 
days: 7, post-prime; 19, post-boost; and 31, post 2nd boost (modified 
from Cho et al. [34]). d Mice were immunized on days 0 and 14 with 
TriVax containing the hgp10025–33 (KVPRNQDWL) in the presence 
or absence of the STING agonist c-di-GMP. Antigen-specific CD8 T 
cell responses in blood were evaluated by tetramer analysis on day 7, 
post-prime and on day 21, post-boost (modified from Wang and Celis 
[39])
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mimic lung metastases [33]. However, the magnitude of the 
therapeutic effect depended on the tumor cell dose and the 
time of the first immunization. In these experiments, mice 
received the priming TriVax immunization 3 and 14  days 
after tumor injection and 80 and 60 % long-term survival 
(>100 days) was observed in mice that received 3 × 104 and 
1 × 105 B16 cells, respectively. In these instances, all non-
vaccinated mice and control vaccinated mice (irrelevant 
peptide) died between days 30 and 40 post-tumor injection. 
On the other hand, with higher tumor doses (3 × 105 cells), 
all of vaccinated mice died by day 60 (but exhibited a sig-
nificant death delay). When the priming vaccine was given 
on days 5 or 7 post-tumor injection, anti-tumor effects 
were still observed but mice ultimately developed tumors 
and died. All mice that survived were re-challenged subcu-
taneously with live B16 cells, and none developed tumors 
indicating the establishment of immunological memory. 
The optimal therapeutic effect of TriVax against established 
B16 tumors required that the vaccine be administered intra-
venously. It should be noted that subcutaneous peptide vac-
cination in either PBS or incomplete Freund’s adjuvant, 
even when administered with poly-IC and anti-CD40 anti-
body, had a minimal, but significant therapeutic effect. In 
later studies, using the Trp1455–463/9M epitope with BiVax, 
we observed that the therapeutic effect against established 
B16 tumors could be dramatically enhanced by the concur-
rent administration of anti-PD-L1 antibodies, even when 
the vaccine was administered 7 days after tumor injection 
[34] resulting in complete tumor eradication. Similar dra-
matic therapeutic anti-tumor effects have been observed 
in a mouse tumor model of cervical/head and neck cancer 
expressing human papillomavirus antigens, where both 
TriVax [32] and BiVax [34] using the SP HPV16-E749–57 
peptide were able to reject established TC1 subcutaneous 
tumors, and in this case, without the need of PD1 blockade.

Remaining questions and future challenges

One yet unanswered question is the identification of the 
specific APCs responsible for the priming and expansion 
phases of T cell responses generated by peptide/poly-IC 
vaccines. Since DCs are considered to be the only type 
of APC capable of processing exogenous antigens to the 
MHC-I pathway (cross-presentation), we assume that these 
cells are the major players in priming of T cell responses 
generated by amphiphilic peptides. Furthermore, DCs also 
possess costimulatory activities such as the expression of 
CD80/CD86 and production of cytokines (IL-12) that are 
necessary to stimulate naïve T cells. Experiments are ongo-
ing to determine the effects of DC depletions using CD11c-
diphtheria toxin receptor mice [40]. Because CD8a+ 
DCs are best suited for cross-priming CTLs [31], we will 

determine whether these APCs are responsible for TriVax 
and BiVax priming using CD8α+ DC-deficient mice [41]. 
The nature of the APCs involved in the expansion result-
ing from antigen reencounter could be diverse, depend-
ing on the type of peptide used during the boosting. While 
amphiphilic peptide boost may also require DCs to restim-
ulate the antigen-primed T cell, it is possible that the non-
amphiphilic SPs, which do not require further processing, 
can be effectively presented by any APC. The mechanisms 
involved in the stimulation of MDA5 by exogenous poly-
IC remain a mystery. Either poly-IC gains direct access 
from the extracellular environment into the cytoplasm or 
after endocytosis it escapes endosomal compartments. One 
possible explanation is that poly-IC may induce endosomal 
destabilization followed by endosomal rupture and leak-
ing of poly-IC from the endosomal compartments to the 
cytoplasm [42]. We also do not know whether poly-IC tar-
gets the same APC that is presenting the peptide to the T 
cells or if it works in a trans-mode on a different nearby 
cell. Paradoxically, there are reports that non-hematolog-
ical stromal cells are the main producers of IFN-I after 
poly-IC stimulation [43, 44], but it is unclear how these 
non-phagocytic cells are able to capture exogenous poly-
IC. It is considered that the main consequence of MDA5 
stimulation is the production of IFN-I, which functions as 
S3 and enhances survival of antigen-specific CD8 T cells 
by increasing Bcl-3 expression [38]. However, the ability 
of BiVax containing amphiphilic peptide to boost T cell 
responses in IFN-I-receptor-deficient (IFNαβR-KO) mice 
(Fig.  3a) suggests that MDA5 activation can generate, in 
addition to IFN-I, other T cell stimulatory activities capable 
of providing S3. Thus, we hypothesize that when peptide 
is presented by DCs during the boost, MDA5 stimulation 
by poly-IC in the same cell results in the production of T 
cell stimulatory cytokines (e.g. IL-2, IL-15), or expres-
sion of cell surface costimulatory molecules (e.g. 4-1BBL, 
OX40L) that allow the expansion of the CTL response. On 
the other hand, when a npAPC presents peptide to the T 
cells in the absence of DC costimulation, IFN-I produced 
by either the same cell or a nearby (stromal?) cell is essen-
tial as S3. Although both TriVax and BiVax were able to 
induce substantial immune responses in mice, translation 
of these vaccines to the clinic could be challenging. One 
concern is adjusting the appropriate dose for each vaccine 
component to be reasonable for clinical use. For example, 
we routinely use  ~  100 μg peptide/20  g mouse, which is 
equivalent to 350 mg peptide/70 kg average adult, and such 
a high peptide dose could be impractical for the clinic. 
Another obstacle in taking TriVax into the clinic is the pre-
sent unavailability of agonistic anti-CD40 mAbs for clini-
cal use. This, together with safety concerns regarding the 
use of anti-CD40 mAbs in humans [45] and the availability 
of poly-IC (poly-ICLC, Hiltonol™), which has been safely 
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used in many clinical studies [46, 47], enticed us to design 
and develop the BiVax approach [34].

Conclusions

Clearly, the immune system has the ability to respond 
efficiently to viruses, bacteria, and other invading patho-
gens, and it also has the capacity to control malignant 
disease. Although the immune response may become 
alert after malignant transformation, in many instances, 
this response alone is not sufficiently strong enough to 
overcome the tumor’s inherently immune suppressive 
nature. Our philosophy is that vaccines must elicit T cell 
responses resembling the magnitude and duration of the 
responses observed during acute viral infections and that 
combining these vaccines with blockade of the tumor 
immune suppression [48–50], we may be able to eradicate 
established tumors. Our studies with BiVax and TriVax in 
mouse tumor models provide support to this possibility, 
but challenges remain to translate these approaches into 
the clinic.
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